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The relative flow of the Schwarzschild vs. the proper time during the classical evolution of a col-
lapsing shell in the Schwarzschild coordinates practically forces us to interpret black hole formation
as a highly non-local quantum process in which a shell/anti-shell pair is created within the incipient
horizon, thus canceling out the original collapsing shell exactly at the horizon. By studying quantum
fields in the black hole background, we reveal similar non-local effects. Among other things, the
outgoing member of the Hawking pair very quickly becomes entangled with the black hole geom-
etry (and not its partner), which is in contrast with the usual assumption that the Hawking pair
is maximally entangled according to the local geometry near the horizon. Also, an infalling wave
affects the black hole geometry even before it crosses the horizon. Finally, we find that a particle
takes a finite amount of time to tunnel in and out of the black hole horizon, and thus avoids infinite
blue and redshift in processes happening exactly at the horizon. These findings strongly support
the picture of a black hole as a macroscopic quantum object.
PACS numbers:
Introduction and overview: Black holes are among
the most fascinating objects in physics and astronomy
[1]. Black holes are also believed to hold some of the
most important secrets of quantum gravity, perhaps the
most outstanding problem in theoretical physics. In this
letter we offer a new perspective of the nature of black
holes. Our main point is that even though black holes
are undoubtedly classical solutions of general relativity,
that appear as macroscopic (astronomically large) classi-
cal objects, they can be also understood as macroscopic
quantum objects, from a deeper point of view, which calls
for a microscopic description of black holes in the con-
text of quantum gravity. We present a variety of ar-
guments that support this, perhaps surprising, point of
view. (This picture is somewhat analogous to other well
known macroscopic quantum phenomena, such as super-
conductivity and superfluidity [2]).
“Classical” black hole formation viewed as a macro-
scopic quantum process: We consider the gravitational
collapse of a massive shell of radius R(t). According to
Birkhoff’s theorem, the metric inside the shell, for r <
R(t), is the Minkowski metric ds2 = −dT 2+dr2+r2dΩ2,
while outside, for r > R(t), is the Schwarzschild metric
ds2 = −
(
1− 2M
r
)
dt2 +
(
1− 2M
r
)−1
dr2 + r2dΩ2,
(1)
where for simplicity we set G = 1.
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The explicit motion of the shell can be found (see e.g.
Lightman et al. [3], Problems 21.10 and 21.11) from the
conserved quantity, M , which is just the total energy of
the shell
M = µ
√
1 + R˙2 − µ
2
2R
(2)
where R˙ = dR/dτ , τ is the proper time of an observer
sitting on the shell, and µ is the rest mass of the shell.
While the evolution in terms of the proper time τ is un-
eventful (the shell shrinks to R = 0 in finite time), it
is instructive to see what happens in the Schwarzschild
time. The relative flow of the proper and Schwarzschild
times during the motion of the shell can be found from
the time component of the four-velocity ut
ut =
dt
dτ
=


(1− 2MR +R˙
2)1/2
1− 2MR
, if R > µ
2
2M
− (1−
2M
R +R˙
2)1/2
1− 2MR
, if R < µ
2
2M .
(3)
This relation is crucial for our discussion. For R > 2M ,
ut > 0, which means that the Schwarzschild and proper
infalling time coordinates are of the same sign. The shell
propagating according to the Schwarzschild coordinate
time behaves as a normal positive energy particle. How-
ever, for 2M > R > µ
2
2M , u
t < 0. Thus, time is reversed
and the shell behaves as a negative energy particle. Time
reverses once again for µ
2
2M > R, where u
t > 0. The shell
again behaves as a positive energy particle. This behav-
ior can be interpreted as a shell/anti-shell pair creation
at R = µ
2
2M . The positive energy member of the pair trav-
els to r = 0, and presumably forms a singularity there.
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FIG. 1: A. The schematic representation of a collapsing
spherical shell. The metric is Schwarzschild-like outside, and
Minkowski-like inside. B. The shell/anti-shell pair is created
at r = µ
2
2M
. The positive energy shell falls to r = 0, while the
negative energy one propagates outward to the incipient hori-
zon. C. The region between the created shells (black ring)
is growing, and it is not a flat space anymore. Its time co-
ordinate is re-synchronized into the Schwarzschild time. D.
Eventually, the negative energy shell cancels out the origi-
nal collapsing shell. A black hole is formed and the whole
spacetime becomes Schwarzschild-like.
The negative energy member travels to the horizon and
cancels the incoming positive mass shell. The region be-
tween the created shells is not flat anymore, and time is
re-synchronized into the Schwarzschild time. Eventually,
the whole spacetime becomes Schwarzschild-like, and an
outside observer does not see the infalling shell anymore.
The schematics is shown in Fig. 1.
To corroborate this description, we calculate the de-
tailed trajectory of the shell in the Schwarzschild coordi-
nates by integrating t =
∫
ut
R˙
dR . In order to make the
relevant plots we setM = µ = 1. Since bothM and µ are
conserved quantities, this choice corresponds to the shell
which starts from rest at infinity. The explicit trajectory
is
t =
{
− r+43
√
4r + 1− 2 ln(
√
4r+1−3√
4r+1+3
) if R > 2
− r+43
√
4r + 1− 2 ln(3−
√
4r+1√
4r+1+3
) if 2 > R.
(4)
As Fig. 2 shows, there is only one mass shell in the
beginning. When the shell reaches R ≈ 2.32µ, or 1.16
times the horizon size, the shell/anti-shell pair is created
at R = 0.5µ. The positive energy shell keeps falling into
r = 0, while the negative energy shell proceeds toward
the incipient horizon. Eventually, the outgoing negative
energy shell reaches the horizon where it cancels out the
original infalling shell. The regions above these curves
are Schwarzschild-like, while below, they are flat.
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FIG. 2: The trajectory of a collapsing shell in the
Schwarzschild coordinates (t, r). We set the rest mass of the
shell, µ, and its total energy, M , to be equal to one. The
incipient black hole horizon is at r = 2M . The collapsing
shell takes infinite time to arrive to the horizon (solid line).
However, a shell/anti-shell pair is created at r = 0.5µ. The
positive energy shell shrinks to R = 0 (dotted line), while the
negative energy one propagates outward (the dashed line),
where finally it cancels the original collapsing shell at the
horizon at t→∞.
This result is remarkable for two reasons. First, we
work in the framework of classical general relativity. Yet,
we are practically forced to interpret the process of the
collapse in quantum mechanical terms as a shell/anti-
shell creation. Second, while the original collapsing shell
is still outside its own Schwarzschild radius, the region
inside is already affected in a highly non-local way. We
emphasize that this is the description of the collapse in
the Schwarzschild coordinates. An infalling observer on
the shell who measures the proper time τ will hit the
singularity in finite time according to his clock.
Quantum fields in the background of a black hole: We
will now introduce a quantum field in the background of
a black hole, and study what happens to the infalling
and outgoing waves. The metric is again (1), and to
make the relevant plots we set 2M = 1. To remove the
coordinate singularity at the horizon, r = 1, we introduce
the Kruskal-Szekeres coordinates (T,X). For r > 1, we
have
T =
(
r − 1
)1/2
er/2 sinh
(
t/2
)
(5)
X =
(
r − 1
)1/2
er/2 cosh
(
t/2
)
, (6)
while for r < 1,
T =
(
1− r
)1/2
er/2 cosh
(
t/2
)
(7)
X =
(
1− r
)1/2
er/2 sinh
(
t/2
)
. (8)
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FIG. 3: A Schwarzschild black hole in the Kruskal-Szekeres
coordinates: Region I is outside, while region II is inside the
horizon. Regions III and IV are copies of regions I and II. The
U and V axes are along the horizon. The dashed arrow line
represents a constant U trajectory. The solid arrow line rep-
resents the constant V trajectory. The other lines represent
constant r and constant t trajectories.
We can also replace (T,X) with the lightcone coordi-
nates U and V as U = T−X and V = T+X . The metric
in Eq. (1) is now written as ds2 = 4r e
−rdUdV+r2dΩ2. For
simplicity, we can omit the angular part of the metric and
consider the 1 + 1 dimensional space ds2 = 4r e
−rdUdV.
A massless scalar field propagating in this background
must satisfy the 1+1-dimensional Klein-Gordon equation
∂U∂VΦ = 0. The solution of this equation can be written
as a linear combination of two functions, f(U) and g(V ),
Φ = Af(U) +Bg(V ), where A and B are constants.
If we want to study a wave falling into a black hole,
then there is only an incoming mode, so we can set A = 0.
This is represented by the solid arrow line in fig. 3. Now,
let us track a particular point of the wave, labeled by
V = C =const. In these coordinates, this is a straight
line going from the outside region (labeled I) to the inner
region (labeled II). The horizon does not represent an
obstacle. Now let us plot the same trajectory V = C in
the Schwarzschild coordinates, (t, r). The trajectory is
given by
(r − 1)1/2er/2et/2 = C, for r > 1 (9)
(1 − r)1/2er/2et/2 = C, for r < 1. (10)
From fig. 4, we can see that the wave goes from infinity
toward the horizon (the solid line). However, at the mo-
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FIG. 4: The curve represents V = C=const trajectory ex-
pressed in the Schwarzschild coordinates. Here we set C = 4.
In the beginning, there is only one solid line that goes from
r =∞ inward to the horizon, r = 1. Then at t = 2 lnC a dot-
ted line appears propagating from r = 0 to the horizon r = 1.
The solid line represents the positive energy component, while
the dotted line represents the negative energy component.
ment t = 2 lnC (we set C = 4 in this concrete example),
an extra component appears at r = 0 and propagates
all the way to the horizon (the dotted line). Since en-
ergy must be conserved, the dotted line should represent
a negative energy flow emerging from r = 0 and ulti-
mately canceling out the incoming wave at the horizon.
Thus, in the Schwarzschild coordinates, the wave never
crosses the horizon. It is however interesting that this
negative energy flow appears when an incoming wave is
at r ≈ 1.28, which implies that an infalling particle af-
fects the black hole before it actually crosses the horizon
in a highly non-local way.
We now study how a wave leaves the horizon, which
is represented by the dashed arrow line in fig. 3. This
is a generalization of the Hawking effect. We recall that
the Hawking effect [4, 5] boils down to the fact that the
Kruskal-Szekeres vacuum mode exp(iωU) is represented
by real particles in the Schwarzschild coordinates (t, r).
Here, instead of exp(iωU), we consider how a general
wave f(U) propagates in (t, r) coordinates. Again we
single out a point U = C =const. The trajectory is given
by
−(r − 1)1/2er/2e−t/2 = C, for r > 1 (11)
−(1− r)1/2er/2e−t/2 = C, for r < 1. (12)
Note that the coordinate T in region IV has an extra neg-
ative sign which is different from eq. (7). From fig. 5, we
can see that there are two components at the beginning
(t → −∞). One component goes from the horizon out-
ward to infinity (the solid line). The other component
goes from the horizon to the singularity, r = 0, and dis-
appears at t = 2 ln(−C) (we set C = −4 in this concrete
example). So one single wave in the Kruskal-Szekeres
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FIG. 5: The curve represents U = C=const trajectory ex-
pressed in the Schwarzschild coordinates, with C = −4. In
the beginning, there are two components. The solid line goes
from the horizon, r = 1, outward to infinity, r =∞, while the
dotted line appears from the horizon and propagates to the
singularity r = 0. At t = 2 ln(−C), the dotted line reaches the
singularity. This is a generalization of the standard Hawking
(pair creation) effect. This result implies that the outgoing
particle is entangled with the black hole (and not its partner)
after a very short time period, since its partner has already
been absorbed at the singularity.
coordinates becomes two waves in the Schwarzschild co-
ordinates. Since there was nothing at the horizon at the
initial moment, and energy must be conserved, the ex-
ternal wave will have positive energy, while the inner
component must have negative energy. This negative en-
ergy mode disappears when the outgoing mode reaches
r ≈ 1.28. This can be interpreted as a particle pair which
is created at the horizon, with one member of the pair
falling into the singularity, while the other one escap-
ing to infinity, as in the Hawking radiation. However,
it is very important that the negative energy component
falls into the singularity in finite time, before its partner
reaches infinity. This means that the outgoing particle is
entangled with the black hole (and not its partner) after
a very short time period (as argued in [6]), since its part-
ner has already been absorbed at the singularity. This
is in strong contrast with the usual assumption that the
virtual Hawking pair is maximally entangled according
to the local geometry near the horizon [5].
This fact that the positive and negative energy com-
ponents originate exactly at the horizon agrees with the
fact that the macroscopic negative energy flow in a static
background can survive only inside the horizon, where
the timelike Killing vector for the Schwarzschild space-
time becomes spacelike. This implies that the Hawking
pair has to be created exactly at the horizon, with one
member of the pair inside and the other outside. How-
ever, this leaves a question how an outside observer can
even observe such an effect, since anything emitted ex-
actly from the horizon becomes infinitely redshifted. One
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FIG. 6: A falling particle tunnels through the horizon at
moment tintunnel. The tunneling time depends on the wave
packet’s momentum uncertainty, ∆PX . The momentum un-
certainty of the solid line, dashed line, dotted line and dashed-
dotted line are ∆PX = 0.01, ∆PX = 0.05, ∆PX = 0.02,
∆PX = 0.1 respectively. If the particle is close to the horizon,
it can tunnel easier through the horizon. If the momentum
uncertainty is smaller, the tunneling is, again, easier.
can expect though that the uncertainty principle might
shed more light on this question.
We will now include the uncertainty principle to esti-
mate how a quantum field tunnels from a point (t, r1)
outside of the horizon to a point (t, r2) inside the hori-
zon, and vice versa. The tunneling condition is T1±X1 =
T2±X2, where the upper sign corresponds to an infalling
and lower to an outgoing mode. This implies
(r1 − 1)1/2er1/2 = (1− r2)1/2er2/2. (13)
This relation can be satisfied only if 1.28 > r1 > 1 and
1 > r2 > 0. The uncertainty relationship in the Kruskal-
Szekeres coordinates is ∆PX∆X ≈ 1, where PX is the
momentum in the Kruskal-Szekeres coordinates (we can’t
use ∆Pr for the Schwarzschild coordinates because of the
singularity). The moment when a particle tunnels into or
out of the horizon according to the Schwarzschild clock
is
tintunnel = −touttunnel = 2 ln(∆PX) + ln(r1 − 1) + r1. (14)
As can be seen from Fig. 6, for an infalling mode smaller
∆PX implies easier (and quicker) tunneling through the
horizon. Also, fields are easier to tunnel if they are closer
to the horizon. For an outgoing mode, Fig. 7 describes
the opposite situation. Particles with larger ∆X are cre-
ated further away from the horizon, and thus take less
time to propagate to some fixed distant point. Therefore
they are generated later.
Conclusion and outlook: In this letter we stud-
ied the classical evolution of a collapsing shell in the
Schwarzschild coordinates. A careful examination of the
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FIG. 7: A particle escapes from the horizon at moment touttunnel.
The tunneling time depends on the wave packet’s momen-
tum uncertainty, ∆PX . The momentum uncertainty of the
solid line, dashed line, dotted line and dashed-dotted line are
∆PX = 0.01, ∆PX = 0.05, ∆PX = 0.02, ∆PX = 0.1 re-
spectively. The larger ∆X wavepackets are generated farther
away from the horizon, so they can be generated later.
relative flow of the proper and Schwarzschild times dur-
ing the motion of a collapsing shell revealed interesting
subtleties and we were forced to interpret the black hole
formation as a highly non-local quantum process in which
a shell/anti-shell pair is created within the incipient hori-
zon, thus canceling out the original collapsing shell ex-
actly at the horizon. We also studied quantum fields in
the black hole background, which revealed similar non-
local effects. We found that the outgoing member of the
Hawking pair very quickly becomes entangled with the
black hole geometry instead of its partner, which is in
contrast with the usual assumption that the Hawking
pair is maximally entangled according to the local ge-
ometry near the horizon. Also, an infalling wave affects
the black hole geometry even before it crosses the hori-
zon. Finally, we found that particle takes a finite amount
of time to tunnel in/from the black hole horizon, which
avoids infinite blue and redshifts associated with the pro-
cesses happening exactly at the horizon. These findings
strongly support the picture of a black hole as a macro-
scopic quantum object, which was also emphasized, using
different arguments, in [7].
Our findings should have important implications for
quantum gravity and, in particular, the recent sugges-
tions regarding the quantum nature of spacetime [8]. In-
deed, if black holes are macroscopic quantum objects,
they should be considered as bound states (or conden-
sates) of the underlying quanta of spacetime. On a more
practical level, our suggestion should also imply impor-
tant observational effects. For example, in superconduc-
tivity, we have the vanishing of the electric resistance,
and the Meissner effect, or the expulsion of magnetic
field lines [2]. Such analogous effects should be searched
for in our context. For example, according to the mem-
brane paradigm [9], the effective resistance of the hori-
zon is finite, and so our new picture of black holes might
imply that, through the “phase transition” between the
Schwarzschild and Minkowski geometries, this effective
resistance vanishes. Also, is the gravitational field in
some way “expelled” by the expanding anti-shell, in the
new shell/anti-shell picture of the formation of the black
hole horizon? Such effects might be investigated in the
context of analog gravity [10], where the underlying mi-
croscopic description is more apparent. Finally, this new
picture should have implications for the recent discus-
sion of the role of topology change (wormholes) [11] in
quantum gravity and in the resolutions of the black hole
information puzzle [12]. One suitable place where such
effects could be studied is in the context of the models of
black hole evaporation in two spacetime dimensions [13].
We hope to address some of these questions in our future
work.
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I. SUPPLEMENTARY MATERIAL
The relation shown in Eq. (4) in the main text is crucial
for our discussion. Its correct derivation involves some
easily overlooked details, and so we go over them here.
We consider the gravitational collapse of a massive
shell of radius R(t). The metric inside the shell, for
r < R(t), is Minkowski-like
ds2 = −dT 2 + dr2 + r2dΩ2, (15)
while outside, for r > R(t), is Schwarzschild-like
ds2 = −
(
1− 2M
r
)
dt2 +
(
1− 2M
r
)−1
dr2 + r2, dΩ2,
(16)
where for simplicity we set G = 1.
The motion of the shell can be found in [3], Problems
21.10 and 21.11.
The presence of the mass shell causes a discontinuity in
the extrinsic curvature tensor, Kij . The discontinuity at
the shell, denoted by the square brackets, can be found
to be
[Kji ] = 8piσ
(
ujui +
1
2
δji
)
, (17)
where σ is the mass density of the shell such that
4piR2σ = µ is the rest mass of the shell, while ui is the 4-
velocity of the shell. Considering only the radial motion
of the shell we can find
[Kθθ] = 4pigθθσ = 4piR
2σ = µ. (18)
6We can also find the discontinuity by evaluating the ex-
trinsic curvature tensor inside and outside the shell and
by taking the difference,
[Kji ] = K
j
i
(out) −Kji
(in)
. (19)
Since
Kθθ = −nθ;θ = niΓiθθ = −
1
2
nrgθθ, r = −rnr, (20)
we have
[Kθθ] = −r(nr+ − nr−) = µ, (21)
where nr+ and nr− are the radial components of the nor-
mal evaluated outside and inside the shell. We now im-
pose niu
i = 0 and nin
i = uiu
i = 1, which exterior to the
shell gives
n+r u
r + n+t u
t = 0, (22)
(
1− 2M
r
)
(ut)2 −
(
1− 2M
r
)−1
(ur)2 = 1, (23)
−
(
1− 2M
r
)−1
(n+t )
2 +
(
1− 2M
r
)
(n+r )
2 = 1. (24)
From here we can eliminate n+t and u
t to obtain
n+r = ±
∣∣∣∣∣1 + (u
r)2/
(
1− 2Mr
)
(
1− 2Mr
)
∣∣∣∣∣
1/2
. (25)
Note that both ± signs are possible. On the shell we have
r = R(τ) and ur = dR/dτ ≡ R˙, where τ is the proper
time of an observer sitting on the shell. Thus,
nr+ = ±
(
1− 2M
R
+ R˙2
)1/2
. (26)
For R > 2M the quantity under the square root never
crosses zero, and so nr+ is positive. But for R < 2M that
may change, and we will discuss that soon. Similarly,
nr− =
(
1 + R˙2
)1/2
, (27)
because M = 0 inside the shell. There is no ± in this
case, because 1 + R˙2 never passes through zero, so nr−
does not change sign during the collapse. From Eq. (21),
we get
µ = −R(nr+−nr−) = −R
(
±
√
1− 2M
R
+ R˙2 −
√
1 + R˙2
)
.
(28)
Since nr+ can be positive or negative we may remove this
sign ambiguity by reorganizing the equation
√
1 + R˙2 − µ
R
= ±
√
1− 2M
R
+ R˙2. (29)
If we square Eq. (29), we can express M as
M = µ
√
1 + R˙2 − µ
2
2R
. (30)
The interpretation of the quantity M is straightfor-
ward. It is a conserved quantity, and it just represents the
total relativistic energy of the shell. From this equation,
among other things, we can get that the shell shrinks to
R = 0 in finite proper time.
A subtle issue arises when we express R˙ from Eq. (30)
and substitute it back in nr+. We get
nr+ =
M
µ
− µ
2R
. (31)
We see that the normal vector nr+ is positive for R >
µ2
2M and negative for R <
µ2
2M . Therefore, n
r+ can be
expressed as
nr+ =
{
(1− 2MR + R˙2)1/2, if R > µ
2
2M
−(1− 2MR + R˙2)1/2, if R < µ
2
2M .
(32)
From Eq. (22), we see that if n+r changes sign then u
t
has to change sign too, since ur and n+t do not change
sign at R = 2µ2/M . We thus conclude
ut =
dt
dτ
=


(1− 2MR +R˙
2)1/2
1− 2MR
, if R > µ
2
2M
− (1−
2M
R +R˙
2)1/2
1− 2MR
, if R < µ
2
2M .
(33)
which is at the core of the highly non-trivial behavior we
discussed in this paper.
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